Short gamma ray bursts are presumably results of binary neutron star mergers, which lead to the formation of a stellar mass black hole, surrounded by a remnant matter. The strong magnetic fields help collimate jets of plasma, launched along the axis of the black hole rotation. We study the structure and evolution of the accreting plasma in the short GRBs and we model the formation of the base of a relativistic, Poynting-dominated jets. Our numerical models are based on the general relativistic MHD, axisymmetric simulations. We discuss the origin of variability in the GRB jet emission, which timescales are related to the action of the magneto-rotational instability in the accreting plasma. We also estimate the value of a maximum achievable Lorentz factor in the jets produced by our simulations, and reached at the large distances, where the gamma ray emission is produced.
INTRODUCTION
Almost two decades have passed after the realization that the compact object binaries, namely the Black HoleNeutron Star (BHNS) and the Neutron Star-Neutron Star (NSNS) binaries (Eichler et al. 1989; Paczynski 1991; Narayan et al. 1992) , are eligible progenitors for the Short Gamma Ray Bursts (sGRB). The associated complexities on both macroscopical and microphysical properties of the outflow result to a still ongoing effort to identify crucial aspects of the central engine operation. Some of the fundamental requirements for the mechanism responsible for the outflow launching were already stated years ago. The cosmological origin of the bursts infers a spectacular release of energy, 10 52 − 10 54 ergs for isotropic emission or two orders of magnitude less (Fong et al. 2015) , when a collimated outflow is considered and the prompt radiation flux is corrected for the beaming factor f b = (1 − cos θ j ), where θ j is the jet half opening (Sari et al. 1999; Rhoads 1999) .
The minimum variability time scale (MTS) can be used together with the causality principle to provide a rough estimation of the emitting region. The measurement of MTS is a challenging task, since the GRBs present intense variability in the subsecond regime and the signal distribution to the various time-bins is distorted by the white-noise of the observation. Nevertheless MacLachlan et al. (2013) used a wavelet analysis adjusted for the GRB phenomenology and provided the variability timescale of the shorter bursts, 10 −4 − 10 −2 s and an order of magnitude higher for the long-duration ones. Up today, there is no definite conclusion for the origin of the observed variability. The leading models, the internal-shock scenario (Narayan et al. 1992; Rees & Meszaros 1994) , and/or the photospheric emission (see Granot et al. (2015) for review), link the variability directly to the properties of the central engine. In the long duration bursts the situation can be further complicated by the external environment interference because of the flow propagation in the interior of the collapsar progenitor (Woosley 1993; Woosley & Heger 2006; Perna et al. 2018) . Notice though that in the short bursts the environment of propagation is expected to be of lower density. In the long gamma ray bursts, the variability may also originate from the internal, current-driven instabilities, see (Lyutikov & Blandford 2003) .
Independently of the process responsible for the variability, the inferred high energy density of the emitted prompt radiation photons, together with the observed non-thermal γ-ray spectra consists the so called compactness problem. According to it, the enormous optical depth due to the electron-positron pair production produces a thermalized emission rather than the observed non-thermal one. The compactness problem was resolved on the theoretical grounds by invoking relativistic expansion with a rather large bulk Lorentz factor, γ > 10 2 (Paczynski 1986; Baring & Harding 1997) . In its turn, the acceleration of the outflow in this high Lorentz factor requires exceedingly clean explosions with ejecta masses of < 10 −5 M , a condition known in the literature as the baryon-loading problem (Shemi & Piran 1990; Lei et al. 2013 ).
The precise nature of the compact binary progenitor has not been fully determined yet. A major breakthrough occurred recently with the multi-messenger detection of the GRB 170817A through the VIRGO/LIGO and Fermi-GBM observatories. The waveform of the emitted gravitational waves is consistent with the merging of a system of two neutron stars. Moreover, it was possible to set limit on the system members, and total masses under a 90% credible interval, m 1 = (1.81 ± 0.45) M , m 2 = (1.11 ± 0.25) M and M tot = 2.82 +0.47 −0.09 M for a high spin prior restriction or m 1 = (1.48 ± 0.12) M , m 2 = (1.26 ± 0.10) M and M tot = 2.74 +0.04 −0.01 M for a low spin prior restriction model, respectively (Abbott et al. 2017 ). The event was followed by a sGRB after ∼ 1.7s, defined as the time between the merging instant and the Fermi Gamma-ray Space Telescope trigger time. Nevertheless, the electromagnetic component of the phenomenon was reported as few orders fainter than a typical short burst, E iso = (3.1 ± 0.7) · 10 46 ergs and of course the poor statistics, since we have only one event, does not exclude the possibility that the BHNS mergers serve also as a distinguished class of progenitors in the general sGRB context. The off jet-axis observation and the line of sight through the surrounding cocoon (Lazzati et al. 2017 ), a structured jet (Kathirgamaraju et al. 2018a) , or an intrinsic property of the specific NSNS merging event (Murguia-Berthier et al. 2017; Zhang et al. 2017 ) can both provide a plausible interpretation for the fainter radiation. The statistics themselves are expected to be improved as the time pases and the gravitational wave detectors improve their sensitivity providing more robust conclusions for the nature of the merging system.
From the theoretical point of view, the current study of the merging phase, the last spiral orbits of the binary members and the ability of the central engine to launch an outflow, is performed through full general relativistic simulations, i.e. ones that evolve also the space-time (Baiotti & Rezzolla 2017; Paschalidis 2017) . Assuming more or less realistic configurations for the initial magnetic field and the equation of state of the neutron star/stars involved a scheme to handle the neutrino transport. These type of simulations consist the current state of the art. Beyond the difficulties of the underlying physical process, they also have to face the large scattering on the spatial scales involved in the phenomenon. Among the potential remnants, a massive NS and the long lasting supra-massive neutron star (SMNS) do not lead to the formation of a BH-torus system that powers the bursts (Shibata et al. 2000; Margalit et al. 2015) . On the contrary, a hyper-massive neutron star (HMNS) can conclude in a BH-torus engine, if the living time of the differential rotating NS is short enough, while the same holds for the prompt collapse to a BH. In fact, the delayed collapse of a HMNS might be the reason for the observed difference between the merging and GRB launching instants on the GW 170817 event (Granot et al. 2017) , while the early optical and later infra-red emission due to r-process argue also in favor of the HMNS scenario (Margalit & Metzger 2017) .
Although the proper framework for the merging of a compact object binary is the full GR simulation, the integrations performed on a fixed space-time, namely the Kerr one, provide a useful insight for the underlying processes resulting to the jet launching. A number of phenomena like the magnetic barrier formation (Bisnovatyi-Kogan & Ruzmaikin 1976; McKinney et al. 2012) , the Blandford-Znajek efficiency (Blandford & Znajek 1977) and the implication of the neutrino emission on the outflow (Just et al. 2016 ) can be easier identified using a fixed space-time, 2D or 3D, algorithmic scheme. Nevertheless, the interpretation of both the accretion process and the jet acceleration phase by a single scheme is still missing. The extended range of the spatial scales involved and the hyper-relativistic Lorentz factors achieved are two obstacles requiring adaptive mesh refinement and other novel techniques, e.g. the use of GPU (Liska et al. 2018) , no matter of which type of the space-time evolution is adopted. The extended spatial scales become even more crucial for Poynting dominated outflows, since the magnetically driven acceleration generally acts at larger distances than the thermally driven one (Granot et al. 2015) .
The aim of the present work is to investigate the origin of the intense variability of the prompt γ−ray observations in conjunction with the conditions applying at the accreeting torus. We bypass the spatial scale problem by focusing on the magnetic energy flux along the field line, instead of the bulk Lorentz factor. This quantity is central on the special relativistic MHD theory of jets, and provides also the maximum achievable Lorentz factor. Its accurate evolution can be specified though only through an analytic or numerical scheme and when the profile of the external pressure has been specified.
In our model we assume an ideal conducting flow and a realistic dipolic magnetospheric configuration, i.e. one that is extended beyond the interior of the NS remnant. The main focus of our study is the imprint of the torus magnerotational instability, MRI (Balbus & Hawley 1991) , on the time variability of the energy flux of the emerging jet which is performed through a set of numerical simulation using the GRMHD code HARM (Gammie et al. 2003; Noble et al. 2006) . In general, any configuration where the magnetic energy dominates much over the rest mass energy is a challenging task for most available numerical schema. It poses significant restrictions to initial magnetic field magnitude because of the induced β−parameter of the interstellar plasma, defined as the ratio of the thermal to the magnetic pressure, β ≡ p g /p mag . The specific type of limitations are further enhanced by the formation of the magnetic barrier resulting to rather low β flows in the jet-funnel, even if the material in the interior of the torus is thermally dominated. The specific choice of the magnetic field configuration is not new. For example, one of the first full GRMHD simulations adopted a similar configuration and concluded to an electromagnetically driven jet outflow (Paschalidis et al. 2015) . Their integration resulted in a two order order of magnitude enhance of the BH magnetic field above the poles through the field line winding and for the ISM β−parameter range β ISM = 10 −2 − 10 −1 , resulting to the launch of a mildly relativistic jet, γ j ∼ 1.3, for 100 ms, with Poynting luminosities 10 51 erg s −1 , and magnetization values σ ≡ B 2 / 8πρc 2 ∼ 100 which are consistent with the typical short GRBs. A crucial component of the simulation, as of any electromagnetic launching model, is the presence of a poloidal field component that is dictated by the jet launching conditions (Beckwith et al. 2008) .
Beyond the Blandford-Znajek process which extracts the rotational energy of the BH, the neutrino annihilation is an alternative/complementary process that taps the gravitational energy of the disk (Mochkovitch et al. 1993; Aloy et al. 2005; Janiuk et al. 2013; Liu et al. 2015; Janiuk 2017) . Although our algorithmic schema is able to handle a more realistic EOS including neutrino emission, for the current model we chose to focus on the purely electromagnetic effects and ignore the potential neutrino implications on the launching process. Since the magneto-rotational instability is the leading phenomenon in our model, the limiting lower value of the magnetic field was restricted by the condition that the instability is properly resolved. A characteristics of the specific instability is the independence of the maximum growth rate from the magnitude of the magnetic field, and its dependence from the rotational velocity of the disk. As a consequence, we examine two sets of models with different initial β−parameter for the torus configurations, while every set includes models differing with the radius where the maximum of the pressure and the magnetic field maximum dominance occurs. The results prove the correlation between the outflow time variability and the maximum growth rate of the instability.
The article is organized as follows. In Section 2 we present the initial configuration of our model and we investigate the restrictions under which the MRI is properly resolved. The results of the integration appear in Section 3, while the analysis and conclusions are the subject of Section 4.
THE SIMULATIONS SETUP
We use the general relativistic magnetohydrodynamic code, HARM (Gammie et al. 2003; Noble et al. 2006) , to integrate our model under a fixed Kerr metric, i.e. neglecting effects like the self gravity of the disrupted material, the BH spin acceleration and the system orbiting around the center of mass. The HARM code is a finite volume, shock capturing scheme that solves the hyperbolic system of partial differential equations, once brought in conservative form, by implementing a Harten, Lax, van Leer schema (HLL) to calculate numerically the corresponding flux function. In terms of the Boyer-Lindquist coordinates, (r, θ, φ), the black hole is located at 0 < r ≤ r hor , where r hor = 1 + √ 1 − a 2 r g is the horizon radius of a rotating black hole with mass M and angular momentum J in geometrized units, r g = GM/c 2 , and a is the dimensionless Kerr parameter, a = J/(M c), 0 ≤ a ≤ 1. In our simulations we investigate the jet launching from highly rotating black holes, a = 0.9 and corresponding horizon at r hor = 1.46r g . Our simulations are axisymmetric, and the computational domain extends in r − θ direction.
The Torus Initial Configuration
The remnant of the accreting material is modeled following Fishbone & Moncrief (1976) who provided an analytic solution of a constant angular momentum, steady state (thereafter FM). Other similar configurations with a power law radial evolution of the angular momentum (Chakrabarti 1985) , or of independently varying Bernoulli parameter (sum of the kinetic energy, potential energy, and enthalpy of the gas) and disk thickness ) are also possible. In the FM model, the position of the material reservoir is determined by the radial distance of the innermost cusp of the torus, r in , and the distance where the maximum pressure occurs, r max . Because of its geometry, the relative difference of the two radii determines also the dimension of the torus, with higher differences resulting to extended cross section. Subsequently the r in and r max determine also the angular momentum value and the distribution of the angular velocity along the torus, a crucial parameter for the magnetrotational instability. Following Gammie et al. (2003) , we use the value of the maximum initial density of the torus to scale the density value over the integration space
Mx where r g , t g , f g are the spatial, time and magnetic flux units, respectively. The last scaling is derived by the cgs definition of the magnetic units and the r g , t g , ρ = ρ torus [g cm −3 ] units are assumed. By construction, the FM model describes the steady state hydrodynamical fluid around a Kerr hole and as a consequence the magnetized configurations considered here are not in equilibrium. Nevertheless as long as the plasma β−parameter remains high we might assume that the fluid is close to steadiness.
The r in and r max radii of the torus are related to a number of factors that is very difficult to determine in advance. For example, in the BHNS progenitor the radii are related to the distance where the tidal disruption of the neutron star occurs which in turn depends on its equation of state, while they are also affected by the NS magnetic field strength and topology and by the self-rotation of the binary system's members. An even more complicated situation takes place in the NSNS type of progenitors. There is a significant number of fully relativistic simulations estimating this distance, most of which give a value from a few to few tens of geometrical radii (Ferrari et al. 2010; Rezzolla et al. 2011; Ruiz et al. 2016; Paschalidis et al. 2015; Kumar et al. 2017) . In our work we use the fiducial radius of r max = (12 − 25) r g to identify the implications of MRI on the emerged jet time variability, while we also included a rather large value, r max = 50 r g , to examine the parametrical extension of our model. We also assumed a polytropic equation of state, p g = KρΓ, withΓ = 4/3 , K = 10 −3 . The magnetic field configuration resembles the magnetic field produced by a circular current. The form of such field can be easily found in a number of text books, e.g. (Jackson 1998) 
where E, K are the complete elliptic functions and A 0 is a constant that it is used to scale the magnetic field and the initial β-parameter across the initial torus.
Our magnetic field configuration is different than usually adopted by the authors of the fixed spacetime general relativistic 3-D simulations of jets, e.g., Fernández et al. (2018) . Nevertheless in the full GR simulations it is being used as a Paschalidis et al. (2013) prescription for the NS involved in the merger. In our case, the extended magnetic field outside the NS describes the existence of magnetic field in the intermediate space between the two merging objects, while it can also describe the potential BH magnetic field created by the HMNS collapse (magnetic braking process).
The Magneto-Rotational Instability
One of the main difficulties in simulating the ideal conducting magnetized accretion is the resolution of the magnetorotational instability. By construction, the accreting reservoir is enriched by the magnetic field that resembles the field of a circular conductor with radius equal to the radius of the maximum pressure of the torus. Since the magneto-rotational instability, MRI (Balbus & Hawley 1991) , has a key role in our model, the limiting lower value of the magnetic field was restricted by the condition that the instability is properly resolved. As a consequence, a second set of models describing highly thermally dominated flows attained values of β ∼ few hundreds. A characteristic of the specific instability is the independence of the maximum growth rate from the magnitude of the magnetic field, but its dependence from the rotational velocity of the disk. Thus a further parametrization of our configurations was performed in terms of the maximum pressure radius of the FM torus.
The maximum growth rate Ω max for a disk in Kerr metric is obtained by Gammie (2004) and for an observer at infinity it is given by
where D = 1 − 2/r + (a/r) 2 , C = 1 − 3/r + 2ar −3/2 are the Novikov & Thorne (1973) correction parameters and Ω is the rotational velocity of the fluid.
Similarly to the Newtonian case, the growth rate does not depend on the magnetic field magnitude. In contrast, the wavelength of this mode does, and for sufficiently low values of the magnetic field it becomes unmanageably small by a numerical scheme, setting a lower limit on the potential A 0 values (an upper limit for β). The task of determining the resolution able to describe properly the nonlinear coupling between the various modes is a rather complicated one and its study was performed mostly via numerical simulations. In their work, Hawley et al. (2011) investigated a number of both shearing box and global simulations and examined a set of diagnostics. Following their suggestion, all the models of the high β-parameter we present attain meridional values Q θ MRI ≥ 10, while the models with lower β-parameter are well beyond that limit with Q θ MRI ≥ 100.
Initial Parameters
The extended configuration of the magnetic field enriches the significantly lighter interstellar medium (ISM) with a magnetic content and induces a much lower β-parameter. As a consequence, the ISM follows its own evolution at the initial steps of integration and depending on the magnetic content it might accrete, form an outflow, or even kick the torus away if the outflow is strong enough. In order to keep the ISM β-parameter in the range of our code capabilities and in a density magnitude modeling a rarefied exterior environment, a specific lower bound of the torus initial β was chosen. As a consequence, at the initial stages of our simulation part of the ISM is accreted seeding the black hole with a parabolic shape magnetic field without disrupting the system.
The HARM code doesn't perform the integration in the Boyer-Lindquist coordinates, but instead in the so-called Modified Kerr-Schild ones: t, x
(1) , x (2) , φ (Noble et al. 2006) . The transformation between the coordinate systems is given by:
where R 0 is the innermost radial distance of the grid, 0 ≤ x (2) ≤ 1, and h is a parameter that determines the concentration of points at the mid-plane. In our models we use h = 0.3 (notice that for h = 1 and a uniform grid on x (2) we obtain an equally spaced grid on θ, while for h = 0 the points concentrate on the mid plane). The exponential grid in the r-direction leads to a higher resolution and it is adjusted to resolve the initial propagation of the jet outflow. Summarizing, the selected grid resolution is 1020 × 512. Moreover, due to the significant acceleration of our outflow is imposed, it was necessary to consider a 'gamma-barrier' and test different values to exclude any implications on the Figure 1 . The initial distribution of the plasma-β at the equator and inside the torus. Left: models with higher magnetic content. Right: models with a lower one. In both diagrams the solid line stands for the models indicated by HD, the dashed for the MD and the dashed-dot for the LD. The normalization on the radial scale is made as all of the models has similar radial size and center at the same point as the MD models. Notice that the parameter of the LD-Therm model differs by a factor of ∼ 2, so that the MRI resolution criterion is satisfied. 
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Note-The first two models refer to a distant torus, while the rest ones refer to models more suitable for a realistic sGRB configuration. The dimensional quantities above are expressed in the geometrized units as being further specified by the density normalization (see main text). The characteristic time of the fastest growing mode and the minimum value of the Q θ M RI parameter across the meridional plane appear respectively in the last two columns.
launched jet variability. The value γ max = 50, common for all models, was chosen such that it doesn't affect the grid regime that our study is concentrated on.
The density floor, i.e. the magnitude of minimum density allowed by our numerical scheme, is assumed on the order of 10 −8 with respect to the normalized density in code units and correspondingly the internal energy floor at 10 −10 code units ). The floor is triggered in conjunction with a minimum β floor, β min ∼ 10 −4 , which is determined by the ability of our code to approach the force free limit. Beyond that limit numerical errors are induced and the code fails in the specific cells adding an interpolation process from the neighboring the cells primitive variables values. The choice of the β min floor was made as to avoid this process in the jet-funnel and for the domain of interest.
Table 1 presents summary of the models and their initial parameters, and the expected characteristic time of the MRI calculated from Eq. 2, as well as the minimum instability resolution across the meridional plane. The models are labeled with HD, MD, and LD symbols, which stand for the high, medium, and low size of the torus, respectively. The further distinction between the 'Therm' and 'Magn' types of simulations is based on the dominance of the thermal, and magnetic pressure, as prescribed by the magnitude of plasma β in the initial conditions (see Fig. 1 ). The plasma-β parameter is not constant throughout the torus. Its equatorial distribution is shown in Figure 1 . Note that the LD-Therm model deviates from the rest of thermal models in order to satisfy the Q θ MRI,min condition.
In our approach, we use the plasma energy-momentum tensor
where ξ is the fluid specific enthalpy, to introduce the magnetization parameter σ and the energy parameter µ
Assuming the flat space-time the physical interpretation of the above quantities corresponds respectively to the Poynting energy flux towardsr normalized to the thermal, plus inertial energy flux of the matter and to the total plasma energy flux normalized to the mass flux (see Vlahakis & Königl (2003) ; Komissarov (2009) ). Nevertheless, close to the BH the physical interpretation stops to be valid and the µ, σ are interpreted as two mathematical quantities. The motivation of our notation is based on the special relativistic theory of the magnetized steady state jets. In the special relativistic framework, the energy conservation along a field line is expressed by µ = γξ (1 + σ) as the sum of the inertial-thermal energy of the plasma, γξ, and its Poynting flux, γξσ. One can readily verify that µ quantity determines also the maximum achievable Lorentz factor γ ∞ = µ, when all the Poynting and the thermal energy is transformed to baryon bulk kinetic form (σ → 0, ξ → 1). But the conditions under which a highly accelerated outflow is obtained is a complicated issue depending on both the initial conditions applying at the base of the outflow and the overall topology of the magnetic field configuration. Using the conclusion of Vlahakis & Königl (2003) , and especially their cold rotator model, the closest to the force free outflow, the acceleration due to the magnetic content takes place when the line's cylindrical arm, , becomes log 10 ( / 0 ) ∼ 2 orders higher from its initial value, 0 . For example, on a field line originating from 0 ∼ 10 that point corresponds to ∼ 1000 and as a consequence to a vertical distance where our r-logarithmic grid becomes too spare.
3. RESULTS
General structure of the outflow
Our simulations are divided in two sets with the Magn class of models referring to a weakly magnetized torus and the Therm class to torus with a significantly higher β-parameter. The overall evolution follows a similar pattern, no matter the type of model we investigate. Since the interstellar medium is not in equilibrium there is an initial phase where the ISM acrretes, seeding BH with a parabolic magnetic field which results in the early formation of the magnetic barrier. The torus itself might be close to a steady state retaining its structure for a long integration time (Therm models), or further away from equilibrium leading to a dilated formation (Magn models, see Figure 2 ).
The formation of a magnetic barrier leads to the launch of a low baryon jet in all the models considered. Using MD-Magn model as a fiducial model, Figure 3 shows the t = 2000t g snapshot and some characteristic quantities of the outflow (ρ, µ, σ, γ). Two regions, the jet funnel and its surrounding matter-dominated environment, are clearly distinguished. The dominant energetic flux is contained in the jet funnel as a Poynting-dominated outflow with magnetization parameter of a few to few tenths. The jet funnel is also the area where most energy is released with values µ > 50, suitable to describe the sGRBs outflows. The acceleration of the outflow is not significant and beyond the boundary the rest of the flow remains only mildly relativistic. The acceleration in shorter spatial scales of the outer part of the outflow is associated with significant thermal content induced on the outflow at the base and the effects of the magnetic barrier at the boundary of the outflow.
Time variability of the jet
The high inhomogeneity of the outflow is present in all the quantities but its implication is better illustrated in the µ and σ. We use the former quantity to perform the time variability analysis. The point of the outflow is chosen to be far enough so that the space-time is flat and the quantity is close to its special relativistic interpretation. It must be close enough so that the logarithmic scale of our grid is dense enough to describe the outflow reliably. Moreover, the higher acceleration close to the jet boundary produces a less sharp variability than in the inner region making the analysis more complicated. As a consequence we considered two points of reference, an inner one p 1 : (x, z) = (11.5, 200)r g to Figure 2 . The torus evolution in an early integration time t = 300tg for the rin = 20rg models. Right: In the Therm models the torus keeps its form, although some accretion is already initiated. Left: In the Magn models the higher magnetic pressure results to the dilation and deformation of the torus.
perform the time variability and an outer one p 2 : (x, z) = (40, 197)r g , to identify acceleration (see Figure 4 ). Since our outflow is not in a steady state, the synchronization of the space-time points sets an extra concern for the points to be compared (Font et al. 1999; Garofalo & Meier 2010) . Nevertheless, the large distance of the points selected minimizes the effects of this implication.
The intense variability of the outflow is evident in all models. The second column shows a zoom in time for the p 1 point and the relevant interval corresponding to the characteristic time of the maximum growth as calculated by Eq. 2. The inspection of the diagrams shows that the quality of fitting the outflow variability with the T MRI decreases as the distance of the initial torus increases. Thus, in the LD models the correspondence is accurate, while in the MD still in good agreement. In the HD models it is almost absent and the outflow variability follows a much shorter time scale with many peaks included inside the MRI interval. In the same diagrams we also notice the low acceleration of the outflow, as it is expected by the special relativistic jet theory. The acceleration seems a little more enhanced at the boundary surface, probably because of the interaction with the exterior environment, but still insufficient. The longer time scale variability observed at the exterior point (see HD in Fig. 4 ) corresponds to narrower jet cross sections at the specific time intervals. The strong magnetization of the outflow is presented at the last column of the Fig.4 , where values of σ ∼ 10 − 50 are obtained for all the models.
Finally, we tested whether the results depend on the value of the adopted density and internal energy floor, and in particular, what is the floor influence on the maximum resulting energy parameter, µ, as given by Eq. 4. In the Figure 5 we present an example run for the MD-Magn model with time variability of the µ value, for three different levels of the density floor. In addition, we show the time average, which is overpassing the fast variability of the µ. The average is taken from t 0 = 500 until t f = 1000, 2000, etc., giving the function of < µ > (t). One can see that the average value of µ saturates always at the same level, and the density floor, contrary to the force free floor β min , doesn't play an important role. This was expected since we have a very magnetized jet outflow (β ∼ 10 −4 ) and the mass injected when the floor is reached is very small. Moreover, we should notice that the physical significance of µ, in special relativistic theory, is the ratio of the total energy flux to the mass flux, so the mass normalization is in fact included in its definition.
Jet power
The last aspect we investigate is the consistency of our simulation with the Blandford-Znajek mechanism. For that purpose we use the Faraday tensor F µν to calculate the rotational velocity of the magnetic field Ω F = F tθ /F θφ and compare it with the angular frequency of the black hole Ω BH = (a/2) 1 + √ 1 − a 2 . Figure 6 illustrates their mutual ratio at a distance z = 7r g from the black hole. Following the calculations of Yang et al. (2015) , the outflow inside the jet funnel is close to the force free limit and the poloidal magnetic field keeps a parabolic configuration. Following their relaxation solution in case of the Blandford-Znajek operation we expect inside the funnel Ω F /Ω H ∼ 0.4 − 0.5 in the case of slowly rotating black holes a ∼ 0.1. The Komissarov (2001) calculations for a monopole reveal a similar range of values Ω F /Ω H = 0.5 − 0.55 inside the funnel for a highly rotating Black Hole (a ∼ 0.9), like the one assumed The spatial distribution of the density logarithm, the low baryon jet has lower density by 3-4 orders of magnitude from its surrounding environment. The value of density just after the horizon is 9.5 × 10 −4 . 2nd panel: The energetic parameter, µ, indicates that most of the energy outflow occurs inside the jet funnel. 3rd panel: The logarithm of the magnetization parameter exhibiting a Poynting-dominated jet, σ > 10. 4th panel: The acceleration and the Lorentz factor achieved is only mildly relativistic with significant acceleration γ > 10 only at the exterior boundary of the jet.
in our case. As a result the range of the ratio should not be far from these values. In our case inside the funnel the range Ω F /Ω H ∼ 0.53 − 0.4, except some small region close to the outer boundary. Therefore we conclude that the BZ mechanism indeed operates, while differences from the values mentioned above are ascribed to the deviation of our solution from the steady state and the combined implications of the high black hole spin and our field geometry. A more extensive parametric study of the effects of these quantities, which are related to the past history of the premerger system will be postponed to the future work. We note here only that the value of black hole spin derived from the NS-NS merger simulations might be treated as the upper limit, since these simulations typically do not extend after the hypermassive neutron star is collapsed, while it may still loose a significant part of its angular momentum (Perego et al. 2014; Metzger & Fernández 2014 ).
DISCUSSION AND CONCLUSIONS
The extended magnetic field configuration adopted in our model is very efficient in the formation of a magnetic barrier and the resulting launch of a highly magnetized and low baryon loaded jet. The required accumulated magnetic flux is quickly piled up at the initial steps of the integration even for the Therm model, where the initial β-parameter has rather high values. The precise magnetization of the initial torus is not crucial for the emerging Poynting outflow and although it affects the time needed for the magnetic barrier to accumulate the necessary flux, the final outcome shows only a slight preference for the LD-Magn models. The operation of the central engine lasts until the pressure of the accreting gas becomes much lower than the pressure of the magnetic field threading the BH. From that point and beyond, a magnetically arrested disk form (MAD, Tchekhovskoy & Giannios (2015) ). The accurate description of this stage should be studied by 3D simulations, but a qualitative indication can be obtained also in 2D since the Therm models reach the arrested stage in longer times. Further analysis of this problem is the subject of our future work.
Another difficulty we encountered when an even more enhanced magnetic content of the initial torus, was the formation of an extensive barrier that disrupts the accreting system. We bypass this problem by assuming an ISM of higher density. The implications of the ISM initial state is an interesting topic by itself and needs further clarification, but such a parametric study falls outside the scope of the current work. Of course this does not exclude the possibility of a different magnetic topology and a more highly magnetized torus, if a portion of the exterior field has been accreted, or expelled, at the phase prior to the BH-torus formation. Such a scenario naturally arises in the NSNS type of progenitors (see Ruiz et al. (2016) , where the collapsed HNMS carries the magnetic flux of its predecessor).
In comparison with the 3-dimensional simulations of the GRB jets, performed recently, e.g. by Kathirgamaraju et al. (2018b) , our axisymmetric simulations produce a similar internal structure of the jets, although these studies are not focused on the time variability analysis and show only time averaged profiles of the terminal Lorentz factor. We notice, that the full description of physical processes within the jets with an arbitrary magnitude of all components of magnetic field vector is possible only in 3-dimensional setup. Nevertheless, if the component of B φ is smaller than two other, the jet can be successfully launched and sustained for a long time of the simulation, as shown by our work. Although the 2D simulation by definition suppress the toroidal wave numbers, our results do not show any MRI diffussion.
The 3D description of the MRI differs indeed from the 2D case in two ways. The toroidal wave numbers and disturbances are suppressed by axisymmetry. This is not of primary importance to us since we do not have the B φ component initially. In fact, the wavenumbers in the φ direction might result in a deeper or shallower variability in 3D simulation, but they would not lead to a totally different pattern. We conclude that the application of our method in 3D simulations can provide some further insight into the problem. Currently this is beyond the scope of our work but we postpone the computations to the future investigations.
The second important problem is the decay of the MRI instability because of the Cowling's anti-dynamo theorem. The time of the decay is however affected by the resolution (see Figures 9 and 10 in the article by Guan & Gammie (2008) ). For a really high resolution (as the one we adopt) the decay is minimal and this is why we chose it. Moreover, if the instability was decaying, or some other parasitic modes were dominating, it would have an impact on the time variability of the outflow, which we do not observe.
The analysis of the outflow inhomogeneity was performed in terms of the energetic parameter µ, being the proxy of the Lorentz factor itself. This specific quantity provides a significant advantage if the emerging outflow is consistent with the special relativistic theory of jets, like in our case. The special relativistic prediction that the Poynting flux is converted to bulk kinetic in a larger spatial scale challenges in general the simulations studying the jet launching process. Although the accurate final outflow state must be still obtained by a global or synthetic simulation able to cover the whole spatial regime, significant results can be obtained. In such a case the energetic parameter considered at large distance from the gravitational sources, i.e. where space-time curvature is negligible, comes in handy.
In our model the energetic parameter µ provides an accurate description of the inhomogeneity and enables the study of the MRI implication. Resolving the MRI with a minimum of 10 cells per wavelength, the results revealed an accurate correspondence for the shortest assumed torus distance, independently of the magnitude of the magnetic field. This is consistent with the theoretical calculations since the maximum growth of the instability does not depend on the magnetic field magnitude (Eq. 2). The MRI is also in accordance with the variability of the MD models although the inspection of the results reveals that inside a characteristic time scale there can exist double or triple peaks. On the contrary the correlation is ambiguous in the HD models, where multiple peaks are found inside the characteristic time scale. We notice though that such a correlation can be associated with the extensive formations observed in the outer point of the µ variability. For our specific models the typical width of the spikes is better fitted by a T ∼ 70t g time scale which corresponds to the action of the instability at smaller radii in the accretion disk.
Summarizing, our study associates the time variability of the jet with the dimension and the magnetic field topology of the torus that arises during the merging process. Assuming the formation of a 3M BH, the LD ∆t blobs ∼ 8.9·10
−4 s and MD ∆t blobs ∼ 2.6 · 10 −3 s are both consistent with the reported range of the phenomenon variability, while the HD models provide a large pattern of variability ∆t blobs ∼ 10 −2 s that it is not observed in general. An extended debate occurs for the main process that drives the jet acceleration, i.e. the action of the BlandfordZnajek process versus the Blandford-Payne one. The consistency of Ω F /Ω H (see Fig.6 ) with the theoretical calculations establishes the operation of the B-Z process in the interior points of the outflow, while for the exterior points there is a strong indication that the BP must also contribute. In order to get some intuition of the relative power of the two mechanisms we calculated the time average of the magnetic parameter, obtaining < µ 1 >∼ 41 and < µ 2 >∼ 64. The magnitude of these values points to the conclusion of the comparable participation of both processes. As we have shown above, the density floor does not affect these results in a great way, but the choice of β min might affect the calculated value of µ, especially for the strongest magnetized pulsations. As a result, the averaging procedure must be considered as an approximation under the specific code limitations.
